T wo-photon microscopy permits real-time visualization of living cells within lymphoid organs (1, 2) . Two previous studies have imaged the regional distribution and motility of NK cells within the lymph node (LN) (3, 4) . Both studies found that NK cells occupy a zone that overlaps the edge of the B cell follicle and extends into the cortical T cell region. However, NK cells were reported by Bajenoff et al. (3) to be immotile, whereas our group showed that untouched NK cells exhibit robust motility with characteristic velocities intermediate between T and B cells (4) . Furthermore, we showed that NK cells are capable of recognizing and eliminating foreign B cell targets (4) . In this study we sought to further characterize NK cell interaction dynamics using allogeneic dendritic cells (DCs) and to evaluate the role of NK cell patrolling in the context of transplantation.
According to the missing-self hypothesis, NK cells recognize and eliminate cells that fail to express self-MHC molecules (5) . In support of this, experimental evidence has demonstrated that NK cells reject allogeneic cells efficiently in vivo (6, 7) . NK cells are not able to reject solid organ transplants independent of the adaptive response, but they have been shown to participate in allograft rejection in the context of insufficient costimulation through the CD28-B7 pathway (8, 9) .
The cross-talk between innate and adaptive immune pathways is becoming increasingly recognized. In transplantation, much of the focus has been understanding how innate responses can initiate or synergize with adaptive responses in preventing tolerance and effecting allograft rejection. However, little is known about whether innate pathways can downregulate alloimmune responses.
It is generally accepted that T cells can respond to alloantigen via direct or indirect presentation by either donor or host DCs, respectively (10) (11) (12) . The direct pathway involves T cells directly responding to intact, foreign MHC molecules expressed by donorderived DCs. In the indirect pathway, in contrast, recipient DCs present donor-derived allopeptides in the context of self-MHC. The precursor frequency of T cells with direct reactivity across a full MHC-mismatch has been estimated to be as high as 5-10%, many orders of magnitude higher than that for conventional Ags (13) . This high precursor frequency and the presence of donor DCs within the allograft has led to the assumption that direct presentation is the dominant pathway of allorecognition in acute rejection (14) . In contrast, T cells with indirect reactivity have a precursor frequency that is more similar to that of conventional Ags. A prevailing paradigm, therefore, has been that indirect responses are not critical for acute rejection but become more important in chronic alloimmune responses (15) (16) (17) (18) . Recent studies, however, have shown that T cells with indirect reactivity are disproportionately stimulated after transplantation, allowing a relatively rare population of T cells to become a major component of the acute alloimmune response (19) . The exact mechanisms that limit the direct pathway and favor the indirect pathway of alloreactivity are not known.
In this study, we asked whether passenger DCs present within the MHC-disparate organ transplant would be sensitive to NK cellmediated killing. We hypothesized that NK cell patrolling and elimination of donor DCs would limit direct Ag presentation and thereby contribute to the disproportionate activation of the indirect pathway. To address this hypothesis, we used a combination of functional assays together with two-photon microscopy to understand the dynamics and functional consequence of NK-DC interactions in the LN. We show that host NK cells form conjugates and rapidly eliminate allogeneic DCs before they are able to stimulate T cells with direct allospecificity. Moreover, using DC-depleted allografts, we demonstrate that donor DCs are dispensable for acute cardiac allograft rejection in mice. These studies refine our understanding of the interaction between innate and adaptive immunity in alloresponses and begin to define the mechanisms underlying preferential activation of the indirect pathway after transplantation. + TCR transgenic with direct alloreactivity toward BALB/c alloantigen) were generated as previously described (21) and maintained on the Rag 2/2 background. BALB/c.Thy1.1 + 3 OT2 TCR transgenic mice were bred in our animal facility. Mice were housed in a pathogen-free animal facility, and all procedures were performed in accordance with protocols approved by the animal care and use committee of the University of California (Irvine, CA).
Materials and Methods

Mice
Flow cytometry
Fluorophore-labeled Ab, Fc block (CD16/CD32-purified), NK1.1-depleting Ab (clone PK136, functional grade purified), and isotype controls were purchased from eBioscience (San Diego, CA) and BD Pharmingen (San Diego, CA). Single-cell suspensions were prepared and analyzed by multicolor flow cytometry using BD FACSCalibur (Franklin Lakes, NJ) and CellQuest software (Mountain View, CA).
Bone marrow-derived DC generation and in vivo rejection assay
Bone marrow (BM) was harvested from long bones and plated at 5 3 10 6 /10 ml DC medium (IMDM with 10% FCS (HyClone, Thermo Fischer Scientific), L-glutamine, 50 mM 2-ME, and 30-50 ng/ml GM-CSF) as described previously (22) . Bone marrow-derived dendritic cells (BMDCs) were used at 5-8 d following overnight stimulation with 1 mg/ml LPS (Escherichia coli 026:B6; Sigma-Aldrich, St. Louis, MO). To quantify allogeneic BMDC rejection, 1-2.5 3 10 6 BMDCs/haplotype were mixed at a 1:1 ratio and stained with 4 mM CFSE (Invitrogen, Carlsbad, CA) at 37˚C for 15 min. The reaction was quenched with an equal volume of cold FCS. The 1:1 BMDC mixture was injected into footpads of B6 or Rag 2/2 recipients. To examine rejection in the absence of continued DC migration, 24 h after the 1:1 BMDC mixture was injected into the pinnae of B6 recipients, the injection site was removed. To examine rejection in the absence of lymphocytes, Rag 2/2 recipients were treated with 200 mg anti-NK1.1 (PK136) depleting Ab or isotype control. The following day, BMDCs were injected into the footpad of recipient mice, and draining LNs (dLNs) were harvested 36 h later. LNs were finely minced, subjected to collagenase digestion ( 
Transplants
BALB/c cardiac allografts were transplanted heterotopically into the abdomen of B6 recipients as described previously (24) . Rejection was defined by cessation of cardiac contractions for 2 consecutive days and was confirmed by laparotomy. For NK-DC imaging experiments, donor pinna was painted with FITC (5 mg/ml FITC resuspended in 1:1 acetone-dibutylphthalate) 10 min prior to harvesting skin for transplant. Skin allografts were transplanted onto the dorsal thorax of recipients and secured using sutures placed at the corners (25) .
Two-photon imaging
Cell preparations. RBC-lysed (BD Biosciences, San Jose, CA) splenocytes from B6 Rag 2/2 donors were the source of NK cells for all experiments (4) . Some allogeneic BMDC cultures were pulsed overnight with 0.5-1.0 ml quantum dots (Q-dots)/ml; NK cells and Q-dot-labeled, allogeneic BMDCs were stained with 9-10 mM 5-(and 6-((4-chloromethyl)benzyl)amino)tetramethylrhodamine for 30 min; syngeneic BMDC and 4C T cells were stained with 20-40 mM CMAC for 60 min; and some allogeneic BMDCs were stained with 2 mM CFSE for 15 min. All staining procedures were performed at 37˚C and quenched with an equal volume of cold FCS. A total of 1-2 3 10 7 NK cells, 2.5-5 3 10 6 BMDCs, and 2-5 3 10 5 4C T cells were adoptively transferred into B6 recipients. To synchronize 4C T cell priming, animals received 200 mg anti-CD62L Ab (Mel-14) just before DC immunization and dLNs were harvested 12 h later. Imaging. Following adoptive transfer of cells, dLNs (axillary and brachial) were harvested, secured with cyanoacrylate adhesive onto a coverslip (with the cortical region of the LN facing the objective), and placed in an imaging chamber superfused with RPMI 1640 medium bubbled with carbogen (95% O 2 /5% CO 2 ) at 37˚C. Two-photon imaging was performed as described previously (1) . In brief, multidimensional imaging was performed with femtosecond-pulsed excitation at 780 or 900 nm, or using dual lasers to provide simultaneous excitation at 780 and 900 nm. Dichroic mirrors (510 and 560 nm) were used to split fluorescence emission into three photomultiplier detector channels (blue, green, and red). Successive imaging volumes of 50 mm were acquired at 18-to 21-s intervals. Images were acquired using MetaMorph software, and Imaris Bitplane software was used to process and analyze data. All data are representative of three to six separate experiments.
Statistical analysis
Statistical significance was determined using Student t test. Survival data were analyzed by Mann-Whitney test. A value of p , 0.05 was considered significant. Data are presented as mean 6 SEM.
Results
Allogeneic DCs are killed following prolonged interactions with motile NK cells
We used two-photon microscopy and imaged NK-DC interactions in real-time to compare the behavior of NK cells in the presence of syngeneic or allogeneic BMDCs. Consistent with our previous study of basal NK cell behavior in LNs (4), NK cells were remarkably motile. They traveled at similar three-dimensional velocities (9.7 6 0.4 and 10.4 6 0.3 mm/min, respectively) and exhibited comparable confinement ratios (0.4 6 0.02; Fig. 1A , 1B) in the presence of syngeneic and allogeneic BMDCs (Supplemental Videos 1 and 2, respectively). Of note, although motilities were similar, we found NK cells preferentially accumulated in LN draining allogeneic BMDCs 1d following immunization (Supplemental Fig. 1 ).
Next, we visualized NK cell interaction dynamics with BMDCs and measured the duration of cellular contacts. The vast majority of NK cell associations were transient, regardless of DC haplotype (syn-DCs: 4 min 52 s 6 36 s; allo-DCs: 5 min 54 s 6 42 s; p = 0.26; Fig. 1C ). Occasionally, however, NK cells were seen engaging in productive interactions with allogeneic BMDCs, resulting in cell shrinkage and membrane blebbing of the target DC ( Fig. 1D ; Supplemental Video 3). These lytic interactions (,5% of allogeneic associations) were significantly longer in duration than nonlytic contacts (20 min 20 s 6 4 min 17 s, p , 0.0001; Fig.  1C ). This pattern of stable conjugate formation with MHC-disparate targets is consistent with previous analysis using allogeneic B cell targets (4).
Allogeneic DCs are rejected rapidly from dLNs
Recent evidence demonstrates that NK cells can kill allogeneic DCs within days to weeks after immunization (6, 7). However, their elimination immediately following transfer has not been established. Therefore, the participation of allogeneic DCs in priming early alloimmune responses via direct presentation remains unresolved. To establish the kinetics with which allogeneic DCs are rejected, we adoptively cotransferred CFSE-labeled allogeneic (BALB/c Ly5.2 + ) and control congenic (C57BL/6 Ly5.1 + ) BMDCs into the footpad of C57BL/6 (B6 Ly5.2 + ) recipients. We then quantified the number of transferred DCs in the dLN by FACS (Fig.  2A) . Within 12 h of transfer, the majority (79 6 2%; mean 6 SEM) of allogeneic BMDCs were eliminated. Interestingly, however, there was no appreciable increase in the percentage of DCs rejected at later times (24 and 48 h) following DC injection (Fig. 2B) . The FIGURE 1. Prolonged cognate NK-DC interaction results in cytolysis of allogeneic DCs, visualized in dLNs by two-photon imaging. A, Velocities of individual NK cells from LNs under steady-state (syngeneic DCs; hatched bars) and activating (allogeneic DCs; n) conditions. Arrows indicate mean NK cell velocities (syn-DCs: mean velocity = 9.7 6 0.4 mm/min, n = 101 cells; allo-DCs: mean velocity = 10.4 6 0.3 mm/min, n = 125 cells). B, Individual NK cell velocities versus confinement ratios (total length of track divided by the distance between the start and end point) were calculated from DC dLNs (syn-DCs: black dots; allo-DCs: red dots; n = 101). C, Distribution of NK-DC contact durations. An interaction was defined as a contact lasting .1 min. n, Exact contact times; hatched bars, cellular interactions that could not be viewed in their entirety (i.e., movie began/ ended with cells associated or conjugates moved out of imaging field prior to detachment). Arrows indicate mean NK cell contact time (minutes) with syn-DCs (4 min 52 s 6 36 s; n = 83; blue bars) and with allo-DCs when the interaction was noncytolytic (5 min 54 s 6 42 s; n = 84; yellow bars) or cytolytic (20 min 20 s 6 4 min 17 s; n = 28; red bars). pp , 0.0001. D, Time-lapse images of a lytic NK-DC interaction (yellow arrows). An individual NK cell (red) is seen engaging an individual allo-DC (green) in the presence of a syn-DC (blue). Original magnification 320. Scale bar, 10 mm. Fig. 2 ). This finding is consistent with the possibility that the subset of allogeneic BMDCs that are not rejected early are recent immigrants. Again consistent with this interpretation, prevention of further DC migration to dLNs by excision of the injection site resulted in almost complete elimination of allogeneic BMDCs within 6 h (Fig. 2C) . The rapid kinetics of allogeneic DC rejection suggested an innate response rather than an adaptive primary immune response. Accordingly, the rate of clearance of allogeneic BMDCs was not different in Rag 2/2 hosts that are NK cell sufficient (Fig. 2D ) but lack T, B, and NKT cells (4) . Furthermore, NK cell depletion with anti-NK1.1 Ab treatment prevented the elimination of allogeneic BMDCs, resulting in comparable survival of congenic and allogeneic BMDCs (Fig. 2E) . Therefore, NK cells are sufficient for the rapid clearance of allogeneic BMDCs. A less likely explanation of our findings could be an inherent difference in BALB/c compared with B6 BMDCs. To address this possibility, we reevaluated allogeneic BMDC rejection in Rag 2/2 recipients after anti-NK1.1 Ab treatment. The similar extent of migration for BALB/c and B6 BMDCs in the absence of NK cell-mediated killing (Fig. 2E) confirms that the reduced numbers of allogeneic BMDCs in dLNs is due to rejection and cannot be attributed to compromised viability or an inherent defect in BALB/c BMDC migration. Collectively, our data indicate that NK cells are sufficient for the rapid clearance of allogeneic BMDCs. We next examined the relevance of NK cells in a transplant setting, first assessing DC rejection following skin transplantation. Consistent with our results using adoptively transferred BMDCs, we found the majority of allogeneic FITC + skin-derived DCs were rejected within 12 h of transplantation (71 6 6%). Next, we examined the ability of intranodal NK cells to interact with allogeneic FITC + DCs draining the skin allograft. Again, consistent with our previous data using BMDCs, we found NK cells could directly kill donor-derived DCs within ipsilateral LNs (Supplemental Video 4). Thus, NK cells interact with both BM-derived and donor-derived DCs, preferentially forming stable conjugates with allogeneic targets that result in MHC-mismatched recognition and rejection.
Rejection of allogeneic DCs results in diminished T cell priming and impaired recall responses
Prolonged stimulation is required to induce T cell proliferation and drive differentiation of effector function (27, 28) . Thus, we hypothesized that host NK cells may significantly constrain the ability of allogeneic DCs to form stable contacts and to efficiently stimulate T cells. To assess the capacity of allogeneic DCs to prime T cells via the direct pathway, we developed a model system using the (B6 3 BALB/c)F 1 hybrid cross. F 1 hybrids are known to reject parental cells through an NK cell-dependent process termed "hybrid resistance" (29) . Importantly, hybrid resistance does not depend on CTL or NKT cells (30) , thus allowing the functional consequence of NK cell-mediated killing of allogeneic DCs to be assessed. After verifying (B6 3 BALB/c)F 1 hybrid resistance to B6 BMDCs (Supplemental Fig. 3 ), we established a system mimicking direct and indirect presentation using parental B6 BMDCs and syngeneic F 1 BMDCs, respectively (Supplemental Fig. 3 ). In brief, we adoptively transferred CFSElabeled (OT2 3 BALB/c)F 1 T cells, specific for OVA 323-339 in the context of I-A b , into (B6 3 BALB/c)F 1 recipients and separately immunized each footpad with either OVA-pulsed F 1 or B6 BMDCs. We harvested dLNs 3 d later and assessed T cell proliferation by CFSE dilution. As expected, immunization with syngeneic F 1 BMDCs elicited robust proliferation (Fig. 3A) . In stark contrast, direct presentation by parental B6 BMDCs failed to prime cognate T cells (Fig. 3A) and resulted in proliferative responses only marginally greater than in control nondraining LNs. Furthermore, although the same number of LN cells was analyzed for each condition; Ag-specific T cells were present in far greater frequency in LN draining syngeneic F 1 BMDCs (Fig. 3A) . Direct presentation by parental B6 BMDCs presumably failed to stimulate activation-induced T cell accumulation and resulted in numbers comparable to control nondraining nodes. These differences noted in vivo do not reflect an inherent defect in B6 Ag-presenting function compared with F 1 BMDCs because in vitro activation using parallel F 1 and B6 BMDC cultures produced similar T cell stimulation profiles (Fig. 3B) . Moreover, in vivo T cell proliferative responses to parental BMDCs were restored to levels similar as syngeneic BMDCs following NK cell depletion (Supplemental Fig.  3 ). Therefore, host NK cells are sufficient to limit the ability of allogeneic DCs to efficiently stimulate cognate T cells.
We next investigated T cell recall responses in a system in which both NK cells as well as CD8 + T cells could participate in the recognition and subsequent depletion of allogeneic DCs. We examined the consequence of host-mediated effector cell killing on functional recall responses by assessing DTH following immunization with Ag-pulsed allogeneic compared with syngeneic BMDCs. Consistent with the suggestion that T cell allorecognition occurs through indirect presentation, allogeneic BALB/c BMDCs failed to prime recall responses to a model Ag, KLH, in B6 recipients (Fig. 3C, top panel) . This effect was not KLH specific because a similar absence of ear swelling was observed when mice were immunized with allogeneic, OVA-pulsed BMDCs (Fig. 3C , middle panel). As expected, parental DCs were equally ineffective at priming functional recall responses in F 1 recipients (Fig. 3C , bottom panel). These results suggest that, owing to their rapid rate of rejection, allogeneic DCs are unable to sustain a critical threshold of prolonged interaction necessary to directly stimulate either primary or recall T cell responses.
Direct CD4 + alloreactive T cells preferentially form stable conjugates with endogenous DCs
To more directly examine the cellular interactions and processes involved in priming alloreactive T cell responses, we again employed two-photon imaging. First, we developed a system that allowed the simultaneous visualization of allogeneic BMDCs and endogenous DCs by injecting Q-dot-pulsed (31), 5-(and 6-((4-chloromethyl)benzyl)amino)tetramethylrhodamine-colabeled allogeneic BMDCs into CD11c-EYFP reporter mice (20) . We included red Q-dot colabeling to provide a method for tracking allogeneic DC alloantigen following host effector cell killing. To assess the ability of allogeneic BMDCs to prime alloreactive T cells via direct presentation we adoptively transferred syngeneic 4C T cells (blue) into B6 CD11c-EYFP (green) recipients and immunized the following day with allogeneic (orange), BALB/c BMDCs (Fig. 4A) . B6 4C TCR-transgenic T cells were selected for their direct CD4 + alloreactivity against BALB/c (I-A d ) DCs (19) . Importantly, it has been previously established that 4C T cells are unresponsive to syngeneic and third-party (C3H) DCs (21) . Therefore, 4C T cells can only recognize and respond to allopeptides presented in the context of I-A d molecules. As expected under activating conditions, 4C T cells from allogeneic BMDCs immunized dLNs exhibited decreased velocities (4.8 6 0.3 mm/min) and confinement ratios (0.2 6 0.02) as compared with unimmunized contralateral control nodes (12.4 6 0.6 and 0.5 6 0.03 mm/min, respectively) (Fig. 4B) . However, when we analyzed individual DC-T cell interactions from immunized LNs, we found that the majority of 4C T cells failed to form stable conjugates with allogeneic BMDCs (9 of 112 conjugates) (Fig.  4C) . A result that cannot be attributed to an inability to pair with BALB/c cells, as evidenced by the rare allogeneic DC:4C conjugate (Supplemental Video 5). Instead, 4C T cells were largely retained within endogenous CD11c-EYFP dim DC areas. Although the weak fluorescence intensity of CD11c-EYFP dim DCs limited the ability to distinguish individual interactions, imaging software readily permitted the identification and quantification of endogenous DC:4C conjugates (103 of 112 conjugates) (Fig. 4C) . Notably, 4C T cells preferentially localized to endogenous DC regions containing allogeneic DC-derived red Q-dots, an indicator for the presence of alloantigen (Supplemental Video 6). Our observation that endogenous DCs can engage T cells with direct alloreactivity is not without precedence and is supported by previous work demonstrating the ability of DCs to acquire and present intact, fully functional, allogeneic MHC molecules (32) . These results are consistent with the suggestion that host-mediated immune attack significantly constrains the ability of allogeneic DCs to form stable contacts and to efficiently stimulate cognate T cells. Therefore, even in a system that favors direct presentation, such as the 4C model, the indirect pathway of alloantigen presentation appears to preferentially drive alloreactive T cell activation.
Direct presentation by donor DCs is not sufficient to elicit acute allograft rejection
To further evaluate the relative role of direct and indirect presentation in the setting of transplantation, we assessed rejection of heterotopic heart transplants in the CD11c-DTR transgenic mouse model. The CD11c-DTR model permits the selective and conditional ablation of endogenous CD11c + DCs (33), allowing us to discern the contribution of direct versus indirect presentation in eliciting allograft rejection. Namely, in the absence of recipient DCs, the role of direct presentation can be assessed. Conversely, in the absence of donor DCs, the role of indirect presentation can be assessed.
Because of lethality associated with the continuous administration of DT to the CD11c-DTR transgenic mice (33, 34) , we first generated CD11c-DTR BM chimeras to use as recipients. In our initial experiments, we transplanted BALB/c cardiac allografts into the abdomen of B6 CD11c-DTR + BM chimeras and found that grafts were rejected in 6.8 6 0.5 d (Fig. 5A) . In contrast, when chimeric animals received continuous doses of DT to deplete endogenous DCs, allograft survival was significantly prolonged (35 6 5.7 d; p , 0.0001) (Fig. 5A ). The slow kinetics with which these grafts were rejected argues against a dominant role for direct presentation in priming allorecognition responses. To rule out any potential involvement for DT in prolonging graft survival, we repeated the experiments using CD11c-DTR 2 BM chimeras treated with the same DT regimen as our experimental mice. Similar to the CD11c-DTR + BM chimeras not receiving DT, these animals rejected their grafts in 7.2 6 0.5 d (Fig. 5A) . Additionally, to assess the role of indirect presentation, we transplanted cardiac allografts from DC-depleted BALB/c CD11c-DTR + donors into wild-type B6 recipients and found that the mice rejected their transplants rapidly (8.6 6 0.2 d) (Fig. 5B) . These results suggest that host DCs are more important for acute rejection than donor DCs and are consistent with the concept that donor DCs are not sufficient to provoke an optimal response from allospecific T cells.
Discussion
The relative contribution of direct versus indirect presentation in priming alloreactive T cell responses has yet to be clearly defined. This study reveals cellular dynamics that underlie the indirect pathway of alloantigen presentation by host DCs after transplantation. We used an immunoimaging approach to demonstrate that donor-derived DCs are killed within dLNs as a result of direct NK-DC cytolytic interactions. We found that NK cells actively patrol the LNs with average three-dimensional velocities of 10 mm/ min either in the presence or absence of allogeneic DCs and that their motility enables them to rapidly scan the LN microenvironment and eliminate allogeneic DC targets. These three-dimensional NK cell velocities are consistent with our previously reported twodimensional average velocity of 7 mm/min (4). Furthermore, as in our previous study with foreign B cells (4), NK cells preferentially formed prolonged interactions with allogeneic targets that led to cell lysis. As a result of such interactions with NK cells, allogeneic DCs were eliminated within hours following adoptive transfer or skin transplantation. We examined the functional consequence of this rapid elimination and found that allogeneic DCs were unable to directly stimulate either primary or recall T cell responses. In determining the mechanism by which allorecognition occurs following organ transplantation, we showed that DC-depleted CD11c-DTR + donor cardiac allografts were rejected with normal kinetics. In contrast, survival of unmanipulated donor hearts into DC-depleted CD11c-DTR + recipients was prolonged. Taken together, these results validate the patrolling function of rapidly motile NK cells and indicate that direct presentation by donor DCs is dispensable for acute rejection.
Delineation of the mechanisms underlying alloantigen presentation will aid clinical development of tolerogenic interventions to minimize transplant rejection. Traditionally, direct presentation of alloantigens by donor-derived DCs has been a primary focus of transplant immunology and has been regarded as the driving mechanism underlying T cell-mediated allograft rejection. Several lines of evidence have sustained this view. For instance, data from in vitro experiments have demonstrated that the majority of alloreactive T cells respond directly to allogeneic APCs (12, 14) . However, the high precursor frequency of T cells with direct alloreactivity does not necessarily indicate that alloreactive T cells are effectively activated through direct presentation in vivo. Further evidence for the primacy of the direct pathway in acute rejection originates from transplant studies demonstrating prolonged survival rates of donor DC-depleted allografts (16, 35, 36) . As suggested by Auchincloss et al. (15) , however, the defect in allorecognition after donor DC depletion may not just be a consequence of the absence of direct presentation but rather a reflection of the requirement for donor DCs to provide alloantigen to the indirect pathway. That is, donor DCs may act largely as vehicles for transporting sufficient concentrations of allopeptides to endogenous DCs to drive indirect presentation. Therefore, the delay in allograft rejection following donor DC depletion does not necessarily substantiate the premise that direct presentation is required for allograft rejection. Additionally, support for the importance of the direct pathway in allorecognition derives from data indicating normal allograft survival in MHC class II-deficient recipients lacking the indirect pathway of presentation. However, analysis of MHC class II-deficient mice has revealed a profound dysregulation in T cell responsiveness (37) (38) (39) . Therefore, it has been proposed that MHC class II-deficient mice may use a novel pathway of alloreactivity (39) .
Recently, a third pathway of alloantigen presentation termed "semidirect" has been proposed that may account for indirect allorecognition in MHC class II-deficient recipients (32) . In the semidirect pathway, recipient DCs acquire and present intact allogeneic MHC:peptide molecules to responding T cells. Thus, MHC class II-deficient cells could acquire Ag-presenting function through the transfer of MHC:peptide complexes from exosomes or directly from short-lived migratory DCs draining the allograft (40, 41) . Importantly, the semidirect pathway may also help explain our finding that 4C T cells with direct allospecificity are capable of associating with endogenous DCs, although this issue clearly will require further study.
It is becoming increasingly apparent that prolonged stimulation is essential for T cell activation, acquisition of effector function, and establishment of effective memory (28, (42) (43) (44) (45) (46) (47) . Celli et al. (28) reported that a contact time of 6 h was required to elicit a single round of T cell division, with maximal proliferation and effector function differentiation achieved only following prolonged DC-T cell interactions persisting .24 h. Therefore, the demonstration of allogeneic DC susceptibility to host-mediated immune attack (6, 7, 40) , together with our finding that this occurs within hours of arriving in dLNs, suggests an inability of donorderived DCs to induce effective T cell stimulation through direct presentation. A straightforward hypothesis, therefore, would be that in the absence of effector cell killing, restoration of direct presentation combined with intact indirect presentation would result in subsequently enhanced T cell expansion. This is in fact what has been described recently in two studies that used anti-NK1.1-depleting Ab in CD8-deficient mice (7, 48) . Interestingly, however, augmented direct alloreactivity did not accelerate allograft rejection. In addition, our suggestion for a predominant role for indirect presentation is further supported by recent evidence using an allospecific TCR transgenic system to examine T cell activation events. Brennan et al. (19) found that following allograft transplantation, T cells were preferentially primed through indirect presentation. Importantly, allospecific T cells with indirect reactivity were enriched in the effector and memory T cell compartments. Therefore, the critical threshold of engagement required to induce robust T cell activation appears to occur preferentially through the indirect pathway of alloantigen presentation. Our findings provide insight into the role of innate immunity in shaping alloreactivity and emphasize the importance of indirect presentation in generating alloimmune T cell responses. It should be emphasized, however, that although NK cells appear to be important early effectors, this does not exclude overlap with CTL later in the response (49) . A suggestion substantiated by our finding that 3 d following DC immunization, NK1.1 + cell depletion in WT animals resulted in comparable levels of allogeneic DC elimination as in isotype-treated controls (unpublished observation). Thus, given sufficient time to develop, CTL may have a complementary role in killing allogeneic DCs. Taken together, our results support the concept that host-mediated immune attack limits direct alloantigen presentation.
In summary, these data refine our understanding of the mechanisms underlying solid organ transplant rejection and may enable more effective tolerance induction protocols to be engineered. In this regard, results from our experiments are in accord with studies indicating that certain tolerizing regimens require indirect presentation (50, 51) . Although further investigation is required to assess a potential role for direct presentation in an Ag-experienced recipient containing a complete repertoire of naive as well as memory T cells, our data demonstrate that rapid elimination of donor DCs down-modulates direct Ag presentation, favoring alloreactivity via the indirect pathway. The translation of our findings into a clinically relevant therapeutic intervention emphasizes the adaptation of current immunomodulatory approaches to target the indirect pathway of allopresentation.
